Intestinal organoids are complex three-dimensional structures that mimic the cell-type composition and tissue organization of the intestine by recapitulating the self-organizing ability of cell populations derived from a single intestinal stem cell. Crucial in this process is a first symmetry-breaking event, in which only a fraction of identical cells in a symmetrical sphere differentiate into Paneth cells, which generate the stem-cell niche and lead to asymmetric structures such as the crypts and villi. Here we combine single-cell quantitative genomic and imaging approaches to characterize the development of intestinal organoids from single cells. We show that their development follows a regeneration process that is driven by transient activation of the transcriptional regulator YAP1. Cell-to-cell variability in YAP1, emerging in symmetrical spheres, initiates Notch and DLL1 activation, and drives the symmetry-breaking event and formation of the first Paneth cell. Our findings reveal how single cells exposed to a uniform growth-promoting environment have the intrinsic ability to generate emergent, self-organized behaviour that results in the formation of complex multicellular asymmetric structures.
. This enables single cells to break the symmetry of a population by changing their differentiation potential 10 with respect to other identical cells. Organoids recapitulate the self-organizing potential of stem cells, creating three-dimensional structures in vitro. In particular, intestinal organoids recapitulate patterning processes and contain all cell types found in the adult intestine 11, 12 . A characteristic of these intestinal organoids is that they develop from a single LGR5-positive (LGR5 + ) stem cell 11 . Despite their extensive use, it is unclear how single intestinal stem cells give rise to cell populations with the capability of self-organization, and which transcriptional program it is that cells use. First, the stem cell generates a symmetrical sphere-like structure. Next, a secretory cell, named a Paneth cell, emerges and is believed to determine the future crypt site. Paneth cells create the niche environment and secrete WNT3A 13 . In vivo, these cells are not the only source of Wnt 14, 15 . After this symmetry-breaking event, a gradient of WNT3A is formed around the Paneth cell, which induces the formation of a crypt 16 . The seemingly spontaneous emergence of a Paneth cell within a sphere-which is formed by genetically identical cells-represents the first and most crucial symmetry-breaking event in the formation of intestinal organoids, but how this occurs remains unknown.
Here we characterize the development of intestinal organoids using a combination of single-cell genomics and imaging approaches to show that generation of organoids is not limited to LGR5
+ cells, and organoid formation is a regenerative process that relies on transient YAP1 activation. Finally, we show that for effective organoid development, YAP1 needs to display transient cell-to-cell variability in localization, which in turn initiates a Notch and DLL1 lateral inhibition event that drives differentiation of Paneth cells and subsequent crypt formation.
Intestinal organoid development from single cells
Many intestinal cell types can de-differentiate in vivo during injury, and both LGR5 + and LGR5 − cells can generate organoids [17] [18] [19] . We characterized the growth of intestinal organoids from sorted single LGR5 + and LGR5 − cells derived from a LGR5::DTR-eGFP mouse 20 ( Fig. 1a ). Cells were seeded as multiple individual cells and cultured in ENR medium, containing WNT3A for the first three days only 13 . Organoids were fixed at different time points, stained with multiplexed immunofluorescence (4i) 21 , imaged at high resolution and segmented using cellular computer vision algorithms (Fig. 1a, b , Extended Data Fig. 1a-c) .
The efficiency of organoid formation was approximately 18%, for LGR5 + and 7.5% for LGR5 − (Fig. 1c) . Both starting populations induce a similar, stereotyped pattern of organoid development: single cells at 24 h; small spheres with a lumen at 48 h; larger spheres of which most contain one Paneth cells at 72 h; asymmetric spheres with initial buds at 96 h; and organoids with crypts at 120 h (Fig. 1b) . Organoids increase exponentially in size and cell number during the first 72 h (approximately 500 cells by 96 h, Fig. 1d, e) . Notably, organoid eccentricity-a feature that measures object roundness-displayed bimodal distributions at 120 h (Extended Data Fig. 1d ), which indicates that two morphologically distinct organoids developed (Fig. 1f) . Markers of different intestinal cell types revealed the existence of spherical organoids that consist entirely of enterocytes, and are devoid of other cell types (Extended Data Fig. 1e, f) . We refer to these organoids as 'enterocysts' , as compared to budding organoids. Enterocysts appear after 60 h and, at 120 h, approximately 20% of multicellular structures are enterocysts, whereas around 80% are budding organoids (Fig. 1g) . There is an increase in enterocysts from LGR5 − cells, which suggests that some progenitors have a higher probability to become enterocysts (Fig. 1g) . In the absence of Wnt, enterocysts die Article reSeArcH after 120 h (Fig. 1g) . We propose that enterocysts develop owing to an absence of symmetry breaking and no Paneth cell differentiation (and thus an absence of endogenously produced Wnt). To test this hypothesis, we modulated the rate of Paneth cell differentiation, resulting in changes in enterocyst formation that show a strong correlation between the absence of Paneth cells and enterocyst formation (Extended Data  Fig. 1g) . Thus, the successful formation of budding organoids requires a symmetry-breaking event, which results in the differentiation into a Paneth cell in the presence of exogenous Wnt.
Trajectory of LGR5 dynamics and organoid development
We next quantified the time progression of organoid development to pinpoint when symmetry breaks (Fig. 2a, b) . The subsampling of temporal progression with fixed organoid time courses prohibits the determination of the exact morphological and phenotypic stages at which enterocysts emerge. We therefore inferred continuous single-organoid trajectories of development using the imaging multidimensional feature space 22, 23 (Extended Data Fig. 2a-d) . Notably, organoids grown from LGR5
+ and LGR5 − cells display identical patterns of growth (Fig. 2c, d , Extended Data Fig. 2e, f) . This revealed a single 'pseudotime' trajectory up to approximately 0.3, after which it bifurcates into budding organoid and enterocyst branches (Fig. 2d, e) . Both enterocysts and budding organoids are proliferative but only the budding organoids stay proliferative after removal of Wnt (Fig. 2e) . Paneth cells appear only in budding organoids after pseudotime 0.3, and the timing is very similar for both starting populations (Fig. 2e, Extended Data Fig. 3 ). Mapping the cell number per organoid revealed that the bifurcation occurs when organoids have around 16-32 cells (Fig. 2f) .
To map real time onto the trajectory, we performed time-lapse imaging from single cells using a custom-built light-sheet microscope suitable for organoids (Fig. 2g, Extended Data Fig. 4a-f ). This revealed similar growth and proliferation dynamics for both budding organoids and enterocysts until 48 h (Fig. 2g, Extended Data Fig. 4g , Supplementary Videos 1-3) . A sphere is created at the two-cell stage, with a subsequent fast rate of cell division of around 8 h. After 72 h, when exogenous Wnt is removed, budding organoids show localized cell proliferation, representing the site of crypt formation, whereas cells in enterocysts stop proliferating. Comparing organoid area over time with that of fixed organoids along the trajectory shows that pseudotime is slightly compressed in the beginning and stretched LGR5 +
LGR5 -
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LGR5 - + higher efficiency of organoid formation (n = 7 replicates for each condition). P = 7.6 × 10 −10 , two-sided t-test. d, Organoid area (LGR5 + n = 9,798 organoids; LGR5 − n = 13,623 organoids). Violin plot lines denote quartile for each group. e, Nuclei number (n = 2,829 organoids). f, Representative images of budding organoids and enterocysts. Scale bar, 50 µm. g, Relative amount of enterocysts over time (n = 3 replicates for each condition). P = 0.019, twosided t-test at 120 h. Data in c, e, g are mean ± s.d. LGR5 was also upregulated at 62 h in organoids from LGR5 − cells, although slightly delayed and dimmer (Fig. 2h ). This shows that LGR5
+ and LGR5 − cells display similar patterns of organoid development through a transient proliferative sphere that consists of cells that do not express LGR5, after which LGR5 is expressed in stem cells in the newly formed crypts of budding organoids.
Transient YAP1 activation during organoid development
To determine the transcriptional programs modulated during the first days of organoid growth, RNA sequencing (RNA-seq) timecourse analysis was performed and mapped onto pseudotime ( To gain an overview of transcriptional changes, we then clustered the temporal expression patterns (Fig. 3c ). This revealed three major clusters: first, a red cluster that is enriched in stem-cell markers, other cell-type-specific genes and genes involved in secretion and cell migration. There is a re-programming of cells into an undifferentiated state, which is followed by the re-establishment of LGR5
+ stem cells and acquisition of differentiation after Paneth cell formation (Extended Data Fig. 6f ). Second, a blue cluster that is enriched in functions linked to mitochondria, actin cytoskeleton, cell cycle and extracellular matrix. These genes are probably required to supply the energetic demand of undergoing rapid cell divisions. Third, a green cluster that is enriched in functions related to metabolism and cell-type-related functions (Extended Data Fig. 6f ).
To focus on the earliest phase of development, we quantified transcription-factor-binding motifs in the promoters of genes expressed at 24 h (Fig. 3d) . The most important motifs were for FOSL1, TEAD1 and TEAD4, which all require YAP1 as transcriptional co-activator 24, 25 . These transcription factors show an early increased expression, whereas the expression of Yap1 mRNA stays constant (Fig. 3e, Extended Data Fig. 6g ). YAP1 is a mechanosensing nuclear effector of the Hippo pathway and regulates organ growth, regeneration and tumorigenesis 26, 27 . It is also an important effector of intestinal regeneration, in which it reprograms LGR5 + cells into LGR5 − cells, thus inhibiting Paneth cell differentiation 28, 29 . When we correlated the expression levels of the early expressed genes (24 h versus 0 h) in organoid development with the expression levels of YAP1-dependent gene expression 28 , we observed a good correlation (r = 0.45) (Fig. 3f) . These early genes include YAP1 target genes 30 and fetal genes involved in regeneration 31 . Thus, this provides support for a model in which organoid development follows a regenerative response with a transient activation of YAP1 target genes in a LGR5
− sphere. 
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Variable YAP1 activation determines symmetry breaking YAP1 targets are transiently upregulated while Yap1 mRNA is unchanged (Fig. 3e) , which suggests post-transcriptional regulation. We therefore analysed YAP1 protein during organoid development.
YAP1 protein abundance in organoids shows an initial increase until 48 h (Fig. 4a, b) , whereas its subcellular localization starts to become variable between single cells after 24 h, increasing entropy in its ON and OFF state (Extended Data Fig. 7a, b) . More precisely, in the four-cell stage, little cell-to-cell variability in the nuclear localization of YAP1 is observed whereas in the eight-cell and sixteen-cell stages-when cells are more crowded-YAP1 is translocated to the cytosol, and thus inactivated, in a subset of cells (Fig. 4a) . After removal of Wnt, YAP1 protein levels strongly decreased (Fig. 4b) , with YAP1 regionalizing only in the crypt area. YAP1 is absent in enterocysts. Removing Wnt earlier promotes relocalization of YAP1 to the cytosol, and decreased expression (Extended Data Fig. 7c ). When we generated organoids from single cells that, on average, have more YAP1 activity (all single cells extracted from 72-h-old organoids), we observed a strong increase in efficiency in organoid formation (Fig. 4c, Extended Data Fig. 7d ). Inhibition of YAP1 and YAP1 knockout result in reduced organoid efficiency (Fig. 4d, e, Extended Data  Fig. 7e) . Conversely, ectopic activation of YAP1 by YAP1 overexpression, or by activation of its downstream effector EREG 28 , increases the efficiency of organoid formation (Fig. 4f ). All these phenotypes require the presence of exogenous Wnt (Extended Data Fig. 7f ).
Homogeneous inhibition of YAP1 after 48 h in all cells reduces Paneth cell differentiation, and increases the number of enterocysts. Notably, this phenotype is similar to YAP1-overexpression organoids (in which YAP1 is homogeneously active in all cells), and neither form Paneth cells nor display symmetry breaking (Fig. 4g, h, Extended Data  Fig. 7g, h ). Instead, they either develop into enterocysts or remain as undifferentiated symmetrical spheres when YAP1 expression is high (Extended Data Fig. 7i ). In addition, organoids that lack the LATS1 and LATS2 tumour suppressors 28 remain symmetrical and contain no Paneth cells (Extended Data Fig. 7g, h ). We then added EREG, which led to the heterogeneous activation of YAP1, resulting in decreased enterocyst formation (Fig. 4g) . From these findings, we conclude that during the first 72 h of organoid development, YAP1 is transiently active in every cell and induces cell proliferation, after which it becomes inactive in only few cells. Both homogeneous inactivation and overactivation of YAP1 in spheres abolish symmetry breaking and organoid formation, which suggests that it is not the absolute level of YAP1 but rather its varying activation state between single cells that drives symmetry breaking.
A YAP1-Notch switch drives symmetry breaking
To understand how YAP1 variability drives symmetry breaking, we performed single-cell (sc) RNA-seq at different time points (Fig. 5a,  Extended Data Figs. 8a, b, 9a) . At 72 h, the population of cells is homogeneous, with only a few stem cells and Paneth cells, and no enterocytes (Extended Data Fig. 9b) . At 120 h, most cell types are represented 32, 33 (Extended Data Fig. 9b, c) . A subset of cells from organoids at 72 h shows high expression of YAP1 target genes (Fig. 5b, Supplementary  Table 1 ), the levels of which correlate with the expression level of Notch ligands such as DLL1 (Fig. 5b, c, Extended Data Fig. 9d ). This suggests that the variability in YAP1 activation might generate variability in expression of Notch ligands. Interestingly, Notch signalling is a regulator of the intestinal stem-cell niche, specifying distinct cell fates 34, 35 . In vivo and in mature organoids, it is known that inhibition of Notch increases the differentiation of secretory cells 36 . Nuclear localization of YAP1 is variable between cells after the 4-cell stage and precedes the expression of DLL1 in few cells between the 8-cell and 16-cell stages. DLL1 expression occurs in cells with high levels of nuclear YAP1 (Fig. 5d-f , Extended Data Fig. 10a ). This is consistent with findings in other tissues that DLL1 is a YAP1 target gene 28, 37 . Moreover, HES1 is expressed in single cells that neighbour DLL1
+ cells (Fig. 5d, Extended Data Fig. 10a ). Between the 16-cell and the 32-cell stages, Paneth cells appear, which are all positive for DLL1 and start losing nuclear YAP1 (Fig. 5e , f, Extended Data Fig. 10a, b) , as also seen in the loss of YAP1 target gene expression in Paneth cells from scRNA-seq (Fig. 5c ). This indicates that variability in nuclear YAP1 is involved in the initiation of a Notch-DLL1 event, which, once established, maintains itself in the absence of YAP1 38, 39 . We then homogeneously inactivated or activated YAP1, and in both conditions, no Notch-DLL1 event is observed (Extended Data Fig. 10c, d) . By contrast, when we used EREG, Notch-DLL1 is activated (Extended Data Fig. 10c, d) . Finally, to determine whether Notch-DLL1 activation is required for symmetry breaking, we used gamma-secretase inhibitors. All these inhibitors reduce symmetry breaking and Paneth cell differentiation, resulting in an increased fraction of enterocysts (Fig. 5g, Extended  Data Fig. 10e) , and strengthening the correlation between the absence of Paneth cells and enterocyst formation. Adding the Notch inhibitor N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT) after 120 h shows the expected increase in secretory cells (Extended Data Fig. 10f) . Thus, although Notch lateral inhibition is required for Article reSeArcH enterocyte differentiation in large organoids, it needs to be activated in small symmetrical spheres to drive symmetry breaking and the formation of the first secretory DLL1 + cell, the Paneth cell. Together, this shows that variability in nuclear YAP1 initiates a Notch-DLL1 event. Cells with high levels of nuclear YAP1 become DLL1 + cells and subsequently Paneth cells. Once having become a Paneth cell, the upstream regulation of YAP1 on DLL1 is then lost.
Discussion
Here we characterize the development of intestinal organoids from single cells, and show that it exploits the plasticity of the intestine and is driven by transient YAP1 activation, following a regeneration process. We then show that cell-to-cell variability in nuclear YAP1-emerging in symmetrical spheres-initiates a Notch-DLL1 lateral inhibition event between the 8-and 16-cell stage, which constitutes the first symmetry-breaking event in intestinal organoid growth and drives the formation of the first Paneth cell (Fig. 5h) . It is yet not clear what drives the variability in YAP1 subcellular localization but it may be determined by a combinatorial effect of local variation in cell crowding caused by asynchronous cell divisions 40 and extracellular matrix density 41 (Extended Data  Fig. 10g ). Subsequently, variability in YAP1 results in variability in DLL1 activation. Although fluctuations in DLL1 ligand can be amplified by negative feedback 42 , we show here that it does not arise from intrinsic stochasticity, but can be determined by cell-to-cell variability in the mechanosensor YAP1. Thus, Notch signalling has a dual role in organoid development-first in symmetry breaking and then, after homeostasis has been reached, in maintaining enterocyte differentiation 36 . Together, our findings underscore the notion that YAP1 acts as a sensor of tissue integrity. After tissue dissociation, YAP1 is activated to drive tissue repair, but once it is repaired, local cell crowding increases and induces heterogeneous activation of YAP1 in organoids and possibly also in vivo, driving the heterogeneous expression of DLL1 and Fig. 10h ). Thus, Paneth cells might switch a general non-canonical/YAP1-dependent response in transient-amplifying-like cells to a locally induced canonical Wnt response in their neighbouring cells with the re-expression of LGR5 and the recreation of a stem-cell niche, bringing the system back to homeostasis. Indeed, YAP1 could be a general sensor for tissue injury and repair in many other tissues [43] [44] [45] , by having a broad regulatory role at enhancers and distal regions of progenitor-specific genes 45, 46 . This could shed light on the development of cancer 47 , which may often reflect an inability to reacquire homeostasis upon tissue damage 28 . Finally, this work reveals how single cells have the intrinsic ability to generate emergent, self-organized behaviours that result in multicellular asymmetric structures.
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Methodology
Sample preparation
Murine organoids were collected 5-7 days after passaging and digested with TripLE (Invitrogen) for 20 min at 37 °C. Dissociated cells were passed through a cell strainer with a pore size of 20 μm. Cell population abundance After final gating, for both Lgr5-and Lgr5+, the average abundance was around 10%. Purity of Lgr5+ and Lgr5-cells was determined by fixation of plated cells and quantification of the Lgr5:DTR-EGFP signal 3h after sorting (see Extended data figure 1a)
Instrument
Gating strategy
To remove debris, dead cells and cell doublets SSC-A/FSC-A gating, SSC-H/SSC-W gating and FSC-H/FSC-W gating were used. Lgr5 + and Lgr5-populations were separated based on the Lgr5:DTR-EGFP intensity (Extended data figure 1b).
Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
